Abstract. We investigated the role of an ornamental, purple-leaved specimen of Japanese barberry in a local invasion using parentage analysis. We focused on a landscape plant of B. thunbergii var. atropurpurea in Willington, CT, that was first established at least 30 years ago. We genotyped every barberry plant found within a 92-m radius of this individual. In contrast to feral populations that are distant from residential or commercial plantings, 14% of the 43 feral plants in our sample had purple foliage and 30% were found growing within 16.5 m of the focal individual. Parentage analysis identified seven plants (five purple-leaved and two green-leaved) as descendants of the focal individual. Five of these descendants are likely first-generation offspring and two are likely second-generation seedlings. In addition, one plant was identified as a backcross between the focal plant and one of its offspring. Our results show that purple-leaved Japanese barberry used in residential landscapes can contribute to plant invasions, at least under some circumstances.
Invasive populations of Japanese barberry (Berberis thunbergii DC.) are currently found in 30 states across the United States (Anonymous, 2007) . Barberry plants are established from seed, which is primarily dispersed by birds and small rodents (Decker et al., 1991; Silander and Klepeis, 1999) . Feral seedlings may form impenetrable thickets that displace native flora (Clark et al., 1998) and alter soil chemistry, microbial communities, and earthworm populations (Ehrenfeld et al., 2001) .
Since its introduction to U.S. cultivation in the late 1800s, Japanese barberry has become one of the most popular horticultural plants as a result of its hardiness, ease of culture, resistance to deer browsing, and general attractiveness (Steffey, 1985) . This plant holds substantial market share in the U.S. commercial horticulture industry, and in Connecticut alone, the barberry crop is worth $5 million in retail sales (Heffernan, 2005) . Current cultivated forms of Japanese barberry (B. thunbergii var. atropurpurea) have purple foliage, whereas feral barberry have green leaves and plants resemble the species, B. thunbergii, which is rarely found in cultivation today.
Japanese barberry bans in Massachusetts (Anonymous, 2005) and New Hampshire (Anonymous, 2004) and those being considered by other states across the United States do not differentiate between the species and its purple-leaved forms (Harrington et al., 2003) . Because it is uncertain whether the offspring from cultivated purple-leaved genotypes establish in natural habitats, legislation banning all Japanese barberry is controversial.
The objective of this study was to determine the degree to which a purple-leaved barberry in a residential landscape can contribute offspring to a surrounding invasive population or initiate a new invasion in adjacent unmanaged areas. For this work, we identified a location where a purpleleaved barberry used as a landscape plant was surrounded by feral barberries of various ages and sizes invading unmanaged land. Amplified fragment length polymorphism (AFLP) parentage analysis, in combination with morphological and spatial information, was used to determine the extent to which the cultivated landscape plant had contributed to the surrounding feral barberry population.
Materials and Methods
Plant material. We chose a location in Willington, CT (long. 41°50# N, lat. 72°16# W; elevation 580 ft) with a cultivated specimen of B. thunbergii var. atropurpurea (purple foliage) that was established at least 3 decades ago (as confirmed by landowners) and with feral plants of unknown parentage in the surrounding area. All plants (45 in total) within a 92-m radius of the specimen plant [putative originator plant (POP)] were included in the analysis. We recorded the height, width, depth, foliage color, number of shoots, reproductive status, and the distance to POP for every individual in the sample (Table 1 ; Fig. 1 ). Shoots were counted at the base of the plant 12 cm up from the ground. We used plant height, width, and depth to calculate an index of plant size (plant height · plant width · plant depth). Plant age was estimated using plant size, number of shoots, and reproductive status. Plants were considered reproductive if they possessed one or more fruits. Reproductive plants were assigned a value of one and nonreproductive plants were assigned a value of zero. We calculated a weighted age index for each plant using the formula (reproductive status · 0.2) + (plant size · 0.4) + (number of shoots · 0.4). The onset of fruiting is variable for B. thunbergii plants depending on their location, so less weight was given to this factor in the age formula. Based on the age index, plants were divided into four age classes (seedling, young plant, adult plant, and old adult plant). The age index cutoff values for the age classes were 1 to 2 for seedling, 3 to 8 for young plant, 9 to 15 for adult plant, and 16 or greater for old adult plant.
DNA extraction and amplified fragment length polymorphism analysis. In 2006, leaves were collected for DNA extraction and AFLP analysis. In total, 46 plants were sampled, including POP. Leaves were temporarily held on ice before being stored at -80°C until DNA extraction. DNA extraction was conducted according to the protocol described in Lubell et al. (2008a) , which was adapted from Perry et al. (1998) and Cheng et al. (1997) . AFLP analysis using Eco-RI and Mse-I enzymes was conducted according to the protocol outlined in Vos et al. (1995) with the following modifications. We used 350 to 500 ng of DNA in each AFLP reaction. For selective polymerase chain reaction (PCR) amplification, six primer pairs were used and each primer had three selective nucleotides. The primer pairs were E + AGG/M + CAA, E + AGG/M + CTG, E + ACC/ M + CTC, E + ACC/ M + CTT, E + ACG/M + CAC, and E + ACA/M + CTG. Fluorescently labeled Eco RI primers were purchased from Applied Biosystems (Foster City, CA) or Fisher Scientific (Hampton, NH).
The amplification parameters for selective PCR were as follows: a 20-s denaturation step at 94°C, a 30-s annealing step that started at 66°C and was subsequently reduced by 1°C per cycle for 10 cycles and was continued at 56°C for 20 cycles, and a 2-min extension step at 72°C. Completed reactions were analyzed on an ABI 3100 Prism Ò Genetic Analyzer (Applied Biosystems). Samples were prepared by mixing 0.4 mL Genescan Ò 400HD [ROX] size standard (Applied Biosystems), 9.6 mL deionized formamide, and 1 mL each of three selective products amplified using Eco RI primers with different fluorescent color labels.
Parentage analysis. AFLP markers were scored initially using Genotyper Ò 3.6 software (Applied Biosystems). Each marker identified by the software was visually confirmed for each sample. We conducted a parentage analysis using 70 polymorphic AFLP markers and FaMoZ software. Using allele frequencies, FaMoZ calculates ''log of the odds ratio'' scores for any parent pair relationships and statistically determines parentage assignments (Gerber et al., 2003) . Because AFLP markers are dominant, we were not able to identify which parent was maternal and which was paternal. The parent-offspring relationships were determined at inbreeding coefficients of 0.05 and 0.3. These coefficients were chosen because they define a conservative range likely to cover the true inbreeding coefficient for a woody, outcrossing, insect-pollinated species (Gerber et al., 2003; Sezen et al., 2005) such as B. thunbergii. Parentage was assigned only when the offspring were assigned to the same parent or parent pairs at both inbreeding coefficients. FaMoZ was run twice using different sets of potential parents, a ''narrow'' set and an ''expanded'' set. The narrow set consisted of the eight plants with the highest age indices and was used to identify the parentage of larger young plants that may have come from POP ( Table 1) . The expanded set included all plants that were reproductive and was used to gain a complete understanding of the parentage relationships.
Results and Discussion
Of the 70 AFLP markers used for this parentage analysis, 43 had allele frequencies in the range of 0.1 to 0.4. According to Gerber et al. (2000) , AFLP markers with allele frequencies in this range are more informative for parentage analysis than those with frequencies outside of this range. The number of markers with frequencies of 0.1 to 0.4 used here was similar to the number used in other studies of woody plant species. For example, Gerber et al. (2000) successfully used 45 AFLP markers with frequencies from 0.1 to 0.4 for parentage analysis with oak trees. Two of the three authors on that study were involved in producing the FaMoZ software (Gerber et al., 2003) .
In addition to the putative originator B. thunbergii var. atropurpurea plant (POP), we found two additional landscape plants (both B. thunbergii 'Rose Glow'; Plants 16 and 17; Fig. 1 ) and 43 feral plants. The additional landscape plants were established within the past 5 to 7 years by the homeowner. Of the feral plants, 9% were old adult, 9% were adult, 20% were young, and 62% were seedlings (Table 1) . Half of the plants sampled were reproductive, but the quantity of fruit produced varied per plant.
Thirty percent of feral plants were found growing within 16.5 m of POP in an area on the property of Homeowner 1. The property was occupied by scattered eastern white pine (Pinus strobus L.) and stone walls (Fig. 1) . In New England, feral barberries are commonly found growing along stone walls. The crevices between the rocks at the base of walls may be a preferred microenvironment that offers light shade, adequate moisture, and protection for seed germination and establishment. Most other feral barberries were found growing in partially shaded to shaded locations, including the shrubby hedgerow on the east side of Connecticut state Route 320 and the woods at the northeast corner of the study site (Fig. 1) . Fourteen percent of feral plants had purple foliage. Although this figure falls within the known range (11% to 76%) for purple seedling production from landscape B. thunbergii var. atropurpurea plants (Lehrer et al., 2006) , the number of purple feral plants at the Willington, CT, site was much higher than what was found in several long-established invasive populations in New England that are more distant from residential or commercial plantings (Lubell et al., 2008b) .
We were able to assign parentage for 10 feral plants, seven of which were descendents of POP (Fig. 1) . For the unassigned individuals, their parents may be located outside the study area or may have been removed or died. It is also possible that parentage might not have been apparent as a result of segregation and loss of heterozygous alleles.
Fifteen percent of the plants in the local population had parentage traced in one or two generations to POP. Three plants, Plants 8 and 9 (purple foliage) and Plant 38 (green foliage), were located within 19 m of POP and were identified as the offspring of POP and Plant 2 by parentage analysis (Fig. 1) . The position of Plant 2, immediately adjacent to POP, and Plant 2's purple phenotype suggests that it is a seedling of POP, although parentage could not be assigned by FaMoZ analysis. Plant 44 was another confirmed offspring of POP found within 11 m of its parent (Fig. 1) . Although long-distance seed dispersal has been reported to be rare for B. thunbergii (Silander and Klepeis, 1999) , Plant 15 (purple foliage) was 90.8 m away from POP and was identified as an offspring of POP and Plant 2 (Fig. 1) . In their study of barberry seed dispersal, Silander and Klepeis (1999) report that the majority of seedlings (92%) found were underneath or within 1 m of the canopy of a barberry shrub. However, they also discovered several seedlings at 50+ m and one at 80+ m from the nearest possible source plant.
Two second-generation offspring of POP (20 and 25) were identified at more than 85 m away from POP (Fig. 1) . One of these plants (20) was produced from a backcross between POP and one of its offspring, Plant 8. The second plant (25) arose from a cross between Plant 2 and Plant 9, another offspring of POP. We believe that POP gave rise to Plants 8, 9, and 2 as first-generation progeny. This conclusion is based on their purple foliage color, position in the landscape relative to POP, and their intermediate size and age. Parentage could be determined for three other feral plants, Plants 30, 39, and 41, which were located in the northeast corner of the study site (Fig. 1) . The parents for Plant 30 were 4 and 5, and for Plant 41, they were 3 and 28. Only Plant 27 could be assigned as a parent of Plant 39.
POP was not found to be a parent of the two cultivated B. thunbergii 'Rose Glow' plants located within the study site, although 'Rose Glow' is reported to be a selection of B. thunbergii var. atropurpurea (Dirr, 1998) . Because B. thunbergii var. atrourpurea is a botanical variety that has been propagated sexually since its discovery in 1913 (Dirr, 1998) , considerable genotypic variation exists within the var. atropurpurea population. In previous work (Lubell et al., 2008a) , B. thunbergii 'Rose Glow' was found to be closely related to some var. atropurpurea genotypes and more distantly related to others, including POP. 'Rose Glow' may have arisen from a var. atropurpurea plant that was sufficiently distinct from POP, so the failure of FaMoZ to assign POP as a parent of 'Rose Glow' is understandable.
The two cultivated B. thunbergii 'Rose Glow' plants could not be identified as contributors to the feral population. Although these plants were reproductive, they may have been too young or not enough time had passed in their current location for them to produce viable offspring. It is also possible that seedlings from B. thunbergii 'Rose Glow' do not establish as well as seedlings from other barberry genotypes.
This work has clearly demonstrated that a purple-leaved Japanese barberry in a residential landscape can contribute seedlings to an invasive population when the landscape plant is grown within a few hundred meters of a suitable habitat. Although genetic analysis of five invasive barberry populations in southern New England found that B. thunbergii var. atropurpurea had limited influence on extant populations of barberry (Lubell et al., 2008b) , four of these populations were not in proximity to any B. thunbergii var. atropurpurea landscape plantings. This work provides insight into how a cultivated plant in a residential landscape can impact an invasion and should help invasive plant regulators determine appropriate legislation regarding bans of Japanese barberry. 
